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SUMMARY

puring that portion of Space Shuttle orbiter entry when significant
cerodynamic heat transfer occurs, the flow over the vehicl: is in chemical
nonequilibrium. The parameter which most significantly inrluences the level
of surface heat transfer in such a flow field is tke catalytic efficiency of
the surface with respect to the recombination of dissnciated oxygen atoms.
Significant, and instantaneous, changes were observed in the level of heat
transfer at several lower-surface centerline locations on STS-2 and STS-3.
This phenomenon apparently resulted from a sudden change in the surface cata-
lytic efficiency at these locations due to contamination of the surface by
metallic oxides. As a result, data obtained from affected measurements cannot
be considered as "benchmark” data with whica to attempt to characterize
nonequilibrium heat transfer to the orbiter's lower surface centerline.

INTRODUCTTION

The design of the thermal protection system (TPS) of the Space Shuttle
orbiter was based v, on predicted aerothermodynamic enviromments which were
generated assuming that the orbiter flow field was everywhere in chemical
equilibrium (ref. 1). Detailed preflight calculations (refs. 2 and 3),
however, indicated that significant chemical nonequilibrium would persist over
the majority of that portion of orbiter entry when significant aerodynamirc
heat transfer occurs. The parameter which most significantly influences the
level of surface heat transfer in such a flow field is the catalytic efficien-
cy of the TPS surface with respect to the recombination of dissociated oxygen
atoms. The catalytic efficiency of the reaction-cured glass (RCG) coating omn
orbiter TPS tiles was thought to be relatively low based upon arc-tunnel
experiment results (ref. 4). Therefore, flight heating rates were expected to
be lower than "equilibrium chemistry” predictions as a result of the
combination of nonequilibrium chemistry and a non~-fully-catalytic TIPS surface.

The desire to confirm, in flight, the apparent low catalytic efficiency
of the RCG coating aund the accompanying benefits of nonequilibrium heaf trans-
fer to that surface led to the development of the NASA Ames Research Center's
Catalytic Surface Effects (CSE) Experiment (refs. 5 and 6). CSE experiment
results were nbhtained on STS-2, 3, and 5. The STS5-2 data (ref. 6) provided
graphic evidence that the RCG coating of the orbiter's TPS tiles is indeed
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"noncatalytic.” The flight data showed that surface temperatures or the CSE-
experiment catalytic-coated tiles were substantially greater than those of the

baseline tiles and that, therefore, the surface catalytic efficiency of the
baseline tiles is low.

‘n addition to the CSE experiment, however, an unexpected event occurred
during ths orbital flight test mission entries which provided further informa-
tion into the catalytic/noncatalytic nature of orbiter windward-surface heat
transfer. This “unplanned experiment” manifested itself in instantaneous,
significant changes in measured TPS surface temperatures at affected measure-
aent locations. The phenomenon occurred to varying degrees on both S$TS-2 and
STS-3. It was apparently the result of anomalous deposition of metallic ox-
ides on portions of the lower surface TPS, due to oxidation of upstream acous-
tic sensor covers (ref. 7). Although occurrence of the phenomenon has been
recognized In the literature (refs. 7-10), there has been little analysis of
the qualitative information relative to catalytic/noncatalytic heat transfer
which is eabodied in cthe resulting data. This paper provides comparisons of
the heat transfer to affected measurement locations from mission to mission
and to contaminated versus noncontaminated surfaces. Discussion of the impli-
catlons of these rasults should aid in assessment o the overall quality of
data obtained from these and later flights and corresponding flight-data
analyses.

SYMEOLS AND ACRONYMS

CSE Catalytic Surface Effects

DFL Development Flight Instrumentation

h altitude

q convective heat-transfer rate

Qref heat-transfer rate to the stagnation point of a l—fo;t radius
sphere

POPU surh—over/pull-up maneuver

RCG reaction-cured glass

T temperature

t tize from entry interface

TPS thermal protection system

u velocity

VxxTxxxx DFI measurement identification number

X/L nondimensional body length (L = 1295 inches)




a angle of attack

P density
FLIGHT DATA

Source

During the orbital flight test missions, the orbiter was equipped with an
instrumentation system referred to as the Development Flight Instrumentation
(DF1). The DF1 was comprised of over 4500 sensors, associated data-handling
electronics, and recorder, which provided data to enable post-flight certifi-
cation of orbiter subsystems design. Included among the DFI were measurements
Sf the aerodynamic surface temperature at 14 locations on the forward fuselage
lower surface. These measurements were obtained from thermocouples mounted
within the thermal protection system tiles, in thermal contact with the sur-
face coating. (Temperature measurement locations are shown in figure 1,
depicted by the planform of the TPS tile which contzins the thermocouple.)

DF1 temperature data were recorded once each second throughout the time period
of entry from Earth orbit. The measured surface temperature-time histories
were used to determine the surface heat-transfer rates. DF1 tape recorder
malfunctions on missions STS-1 and STS-4 resulted in the loss of all thermal
data during that portion of entry when the vehicle was not in communications
contact with the ground. Therefore, no data were obtained at flight Mach
numbers above approximately 14 on STS-1 or STS-4. On STS-5, the DFI measure-
ment loce=-‘one discussed in this paper were coated with the catalytic coating
of the Catalytic Surface Effecte experiment. Consequently, ouly data from
missions STS-2 and STS5-3 are considered herein.

Beat -iransfer Rate Determination

A one—dimensional, transient heat ~conduction analysis (ref. 11) was used
to determine the convective heatiflg rate to each measurement location. The
flight-measured surface temperature data provided a time—dependent boundary
condition for the analysis, which assumes an initially uniform temperature
throughout the thermal protection system materials. The analysis is a mathe—
matically rigorous simulation of heat conduction within the thermal protection
system, and reradiation from its surface, so as to provide a “benchmark”
determination of the flight heat-transfer rates.

The reference heating rate used herein is that to the stagmation point of
a l-foot radius sphere in radiation equilibrium at the flight condition. The
heat-:ransfer rate computation was made by the method of reference 12 using
the Fay and Riddell (ref. 13) expression for the stagnation-point heat
transfer.

Flight Eavironment Definicion

petermination of the vehicle attitude and free-stream flight environment
data used herein was accomplished through post—flight reconstruction of the
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orbiter entry trajectory and definition of the atmosphere along that traiecto-
ry at the time of entry. The trajectory reconstruction process (ref. 14)
utilizes ground-tracking data and onboard measurements of orbiter inertial
attitude, linear and angular accelerations, and angular rates to determine the
vehicle's inertial position, velocity, and attitude throughout the entry.
Def.nition of the atmosphere along the trajectory is accomplished (ref. 13) by
combining atmospheric profile data obtained from soundings made on the da¥ of
entzy with atmospheric modeling techniques to infer the free-stream atmes—
pheric properties of pressure, temperaturé, densiiy,* and winds at the time of
entry. The results of the trajectory and atmospheric reconstruction procssses
are melded together to provide an analytically aund physically consistent
definition of the free-stream flight environment.

- TEMPERATURE "JUMP™ ANOMALY

The temperature nistory measured during STS-2 at the X/L = 0.194 location
on the windward centerline (fig. 2) graphically {llustrates the temperature
"jump” anomaly observed at several locations on the windwvard centerline om
both STS-2 and STS-3. The sudden "jump" in surface temperature was apparently
caused by an instantaneous change in the catalytic efficiency of the TPS sur-
face at this location which resulted in increased aerodynamic heat transfer.
The chaage in surface catalytic efficiency apparently resulted from depasition
on tbe surface of oxidation products from upstream, stainless-steel, acowstic
sensor covers. Acoustic sensors were located in tiles at X/L = 0.106 and
X/L = 0.204 (fig. . Post-flight vehicle inspection revealed the oxidation
occurrence and deposition of oxidation products downstream of the acoustic
sensors. Figure 3 shows the post-flight condition of the accustic sensor
located at X/L = C.106 (fig-. 3(a)), and the trail of contamination left ca the
downstream TPS surface (fig. (b)Y, after the STS-1 entry. It should be aoted
that although the surface contamination was observed after STS-1, the
potential influence of this contamination on surface heat transfer was e’
recognized until che tzmperature “jump” anomaly was observed in the STS—2
datal

Scott and Derry (ref. 7) stated chat the oxidation products were ircm
oxide and nickel oxlde. They have postulated that the temperature of the sen-
L.or ccvers rceached a value at which they "began to violently react with the
oxygen In the Zlow. The oxide was then carried downstream aud was deposited
on the tiles. Since iron oxide and nickel oxide are highly catalytic te oxy-—
¢:n and altrogen recombination, the coating caused increased heating om The
contaminated tiles. The oxides may also have catalyzed atom recombination in
vaee gas phase, as well, which would cause ao increase in boundary-layer
cemperature.”

*For STS-2, free—stream density was determined as described. For STS-3, how-
ever, i the altitude range from 185,000-250,000 feet, density data wers
determined using measured orbiter surface pressure data. Measured surfzce
pressures near the orbiter nose were processed using the methods of reference
16 to derive free-stream dynamic pressure information. Density was thez=
inferred using this dynamic pressure data and the velocity from the recio-
structed trajectory.
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Table I provides a veference summary of the tile surface condition and
observed temperature ancmaly response at each of the centerline measurement
locations om STS—2 and STS-3. Om STS-2, the temperature "jump” phencmenon wWas
observed ar centerline measurement locations at 0.194 < X/L £ 0.402. at the
most aft of these locations (X/L = 0.402), the STS-2 temperature anomaly
response was a temperature decrease as cpposed to the increase observed at the
other locations. This tile was catalvtically coated as part of the CSE exper-
iment. If surface contamination had caused a sudden increase in the cetalytic
efficiency of the TPS surface upstream of this location, as is suggested by
the available evidence, a sudden deplecion in the number of dissociated oxygen
atoms reaching the location of the catalytic-coated tile would result. There-
fore, with suddenly fewer oxygen atoamS available for recombination, the sudden
temperature decrease which was observed would be expected - not due to local
surface contamination, but rather to tae residual effect of upstrean surface
csonicamination. On STS-3, the température “jump” was only observed at the
X/L = 0.194 and X/L = 0.285 measurement locations. Why the phenomenon wWas not
observed at other locatioms is not fully understood, but it is thought to
relate to a progressively increasing level of contamination with each flight.
The temperature ~jump~ anomaly was not observed at locations not on the lower
surface centerline. - -

ANALYSIS

STS-2/3 Trajectory Comparison

Before valid comparisons can be made between heat-transfer data for STS-1
and STS-3, one must understand the comparative relationship of the two emntry
trajectories. Velocity and atmospheric demnsity data for the two entries are
shown in figure 4 for the altitude range of interest for this paper. While
density levels were gimilar for the two eatries, the STS-3 entry velocity was
slightly greater than for STS-2. Because of the higher entry velocity, the
orbiter reached a particular flight condition earlier in time on STS~3 than
STS-2. Consequently, time from entry {nterface 1s not considered o be an
appropriate parameter for correlation of data for the two flights.

The reference heating rate (i.e., that to the stagnatiom point of a
1-foot radius sphere at the flight condition) variation as a function of alti-
tude is shown in figure 5 for both entries. The referevoce heating rate levels
are comparable at a given altitude, with the maximum difference between the
STS-2? and STS-3 reference rates being less than 4 percent of the mean.
vYehicle angle of attack was pominally constant at 40 degrees on both STS-2 and
STS-3 over the altitude range of interest (fig. 5). Because of these
relationships, heat-transfer data compared herein «ill be shown in dimeasional
form with STS-2/8TS-3 comparisons made as functions of altitude.

~sou-Contaminated Suriaces

In order to demonstrate ine similarity cf the heating enviroumentrs on
STS-2 and STS-3, heat trausfer data for two locations which were nct subject
to contamination are shown in figure 6. The first location (fig. 6 faj) 1s cu
the windward centerlins at X/L = 0.093, just upstream of the more forward
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acoustic sensor. The second location (fig. 6 (b)) is at X/L = 0.297, but is
51 inches away from the centerline. For these locations, which were nnt
subject to suriace contamination, the levels of heat transfer experienced on
STS-3 were approximately the same as were experienced on STS-2. (The small
differences observed between the STS-2 and STS-3 hearing rate levels are of
the same magnitude as the uncertainty of the derived heating rates
themselves.)

Contaminated Surfaces .

On STS-3, the temperature "jump” anomaly was observed at only two
measurement locations. Ar one of these locations, the aerodynamic surface was
that of a baseline tile which had experienced previous entry exposures, and
potential contamination, on STS~1 and STS-2. At the second location, the
aerodynanic surface was that of a virgin tile with no prior entry exposure or
possible contamination. This tile was part of the Tile Gap Beating experiment
panel (ref. 17) which was replaced prior to each flight. Discussion of heat
transfer to contaminated surfaces will focus on these two locations.

Multiple-Exposure Tile

Heat transfer data from the measurement location at X/L = 0.194 for both
$TS-2 and STS-3 are shown in figure 7. The tile at this location was
“"original equipment” and, therefore, subject t> prior contamination. Om
STS-2, the occurrence of the contamination event resulted in a 40 percent step
increase in heat transfer at chis surface location. 0z STS-J, the increase
was only 25 percent, but the underlying heating rate immediately before the
contamination event was higher than for STS-2. Comparing the levels of heat
traiusfer between STS-2 and STS-3 after the contamination events (altitude <
238,000 ft), the STS-3 heating rate level was approximately 18 percent greater
than the STS-2 level. This implies a mission~co-mission progressive contami-
nation of the TFS surface with an attendant increase in the surface catalytic
efficiency at this location. It is also interesting to note that the STS-2
post-ceontamination data and STS-3 pre—contamination data (ostensibly equal
levels of contaminat ':.] c¢i...late well over the entire altitude range con-
sidered (fig. 8). 1t is unfortunate that there are no data from STS-4 to add
to this comparison.

Virgin Tile

Heat-transfer data for the tile with no prior exposure history, X/L =
0.285, 1s shown in figure 9. On STS-2, the heat transfer increase resulting
from the contamination event was 40 percent. On STS-3, the step increase was
only about 17 percent, but the underlying heating rate immediately before the
contamination event was tigher than for STS-2. Note that after the contamina-
tion event (h < 238,000 ft), the heating rates to this surface were the same on
both STS-2 and STS-3. The tile surface at this location was not subject to
progressive contamination, as was the multi-mission tile, but was subject to
single event contamination on two different entries. Equal levels of contami-
nation wuwuld be expected on each entry and, therefore, equal levels of heat
transfer following contamination, as are shown in figure 9.
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Previously-Catalytic Surface

A somewhat different catalytic surface heating phenomenon has been
observed in the flight data from the measurement at X/L = 0.166. The tile
containing this measurement was coated on STS-2 with the high-catalytic—effi-
clency coating of the CSE experiment. Prior to S$TS-3, the tile was ostexsibly
cleaned of the coating so 2s to return the surface to the uncoated "baseline”
condition. Data obtained from this neasuremert on STS-3, however, indiczted
that the tile surface, after cleaning, remained substantially more catalrric
than baseline tile surfaces. This is clearly illustrated in figure 10 wkere
the STS-3 data from this measurement are compared with data from those
measurement locations just upstream and downstream of this tile. If the sur-
face catalytic efficiencles ar each of these locations were the same, the data
from the X/L = 0.166 location would be expectad tc fall between the values
obtained at the other two locations. Bowever, the heat transfer rates
obsefvdd ‘at this locatior are always equa. to or greater than those observed
even at the more upstream location (X/L = 0.140), over the altitude ramge con-
sidered. Why the heating :tate to the X/L = 9.166 location "peaks” as it Joes,
at approximately 247,000 feet altitude, is not fully understood. However non-
equilibrium viscous shock layer computations have indicated that maximum —on-
equilibrium effects on surface heat tzansfor would be expected to occur im
this altitude range (refs. 18 and 9).

CONCLUSIONS

The foregoing discussion of the heat transfer results from STS-2 and
STS-3 provides strong evidence that portions of the TPS surface on the lower
centerline of the orbiter's forward fuselage have been contaminated with
materials which have altered the catalytic efficiency of the TPS surface.
Specific sources of contamination were the acoustic sensors and the catalytic
overcoat of the CSE experiment. As a result, data obtained from affected
measurements cannot be considered as "benchmark™ data with which to attempt to
characterize conequilibrium heat transfer to the orbiter's lower surface
cenferline with baseline TPS. Even the first high altitude, high Mach number

data obtained on STS-2 are probably biased by contamination which was
experienced on STS-]1.

Experience with the tile which was catalytically coated on STS-2 and
"cleaned” prior to STS-3 indicates that once the coating material is applied
and exposed to the entry enviroaoment, the catalytic efficiency of that tile
surface is apparently permanently altered. The majority of the instrumented
tiles on the lower surface centerline were catalytically coated on STS-4 and
STS-5. It is, therefore, presumed that the catalytic efficiency of these tile
surfaces has been irreversably altered.

. Alas, during the orbital flight test missions of the orbiter, not one set
of .data was obtained for the lower surface certerline with a clean TPS surfzce
of nominal baseline catalytic efficiency. Since the lower surface centerline
is the onme area which can be adequately modeled by aonequilibrium flow-fi=l4g
and boundary-layer codes, the lack of flight data on a surface of known and
uniform thermochemical properties is a significant obstacle to any
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effort to determine catalytic efficiencies and surface recombination rates
using flight data as a "benchmark."

It 18 proposed that serious consideration be given to replacement of all
lower surface centerline tiles, at some future date, with new "virgin" tiles,
and that substantially more of these tiles be Iinstrumented. Such a retrofit
would also eliminate the acoustic sensors and any other potential
contamination source. Puture flights with a "clean” lower surface center’ine
would provide the "benchmark” flight data required to characterize the
orbiter's nonequilibrium heating environment-—data which were anticipated Zrom
the orbital flight tests, but apparently never obtailned.
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ORIGINAL PACE 18
OF POOR QUALITY
o TABLE I
STS-2 5T5-3
MEASUREMENT X/L TILE SURFACE TEMPERATURE TILE SURFACE TEMPERATURE
CONDITION ANOMALY RESPQ¥SE CONDITION ANOMALY RESPOMSE
V0979341 C.025 ‘
VO7T9452 .098
ACOUSTIC .106
V0779462 .140
V07T9463 .166 | Catalytic
V07T9464 .194 Discontinucus ingTease Mscontizuous {acrease
ACOUSTIC .204 .
V0979381 .255 Disconcinuous increase
v09T9421 .285 | vizgio tile Mscoatinuous increase | Virgin tile pisconziouous iacrease
VO7T9468 297 Diszoactinuous increase | C.talytic
VO7T9471 <402 Catalytic Discontinuous decrease Catalytic
v09T9521 497
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TILE GAP

HEATING
ACOUSTIC PANEL
o SENSORS o o
[———0'1/ \ ‘(\
I .
—( |I® v o o © o So% o —
. . /
: / CATALYTIC ZCATALYT!C ZCATALYT!C
STS-2 STS-3 STS-2
STS-3
SYMBOLS DEPICT
TILE PLANFORMS

X/t O 0.1 0.2 G.2 0.4

Figure 1.- Forward fuselage lower surface temperature measurements.

2000 ¢
V0778464
1500 »
i 7ot
i POPU
{F)
1000
TEMPERATURE
* JUMF”
500
TRANSITION
o) / 1 I L' |
0 400 800 1200 1600

t (secondc)

Figure 2.- STS-2 temperature-time history at X/L = 0.194.
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Figure 3.- STS-1 TPS surface

from acoustic s.

ORIGINAL FACE @
OF POOR QUALITY

;:‘

“~oking Iforward.

‘nation emanaiing

359



860

ORIGINAL PAGE 18
OF POOR QUALITY
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250k  ——— STS-3
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240
- 7
..230 ’dfﬁf/af,’
o’
2
7
~
z
220 1 ! A — .
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u (ft/sec)
(a) Velocity=-altitude.
X
2601000
250F
h
(1)
240~
2301 STS-2
——— STS-3
20r i [ W T S 0y | ]
3 5 10‘7 3
P (slug/it3)

(b) Density-altitude.

Figure 4.- §TS-2/ST5-3 entry trajectory comparison.
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Figure 5.- STS-2/5TS-2 angle of attack and reference heating rate comparisons.
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OF POOR QUALITY

260 x 1000

260 x 1000

8-
g
(BTU/ft2sec)
41 vO7T0452
O STS-2
Q>STS-3
0 1 | 1 J
220 230 240 250
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(a) X/L = 0.098.
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0 L.. 1 L J
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(b} X/L = 0.297, off centerline.

Figure 6.- Heat transfer to noncontaminated surfaces.
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12¢
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41 vy0o7T9464

O STS-2.
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Figure 7.- Heat transfer to "multiple—exposure" tile, X/L = 0.194,
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Figure 8.- Heat transfer to "multiple—exposure” tile, X/L = 0.194.
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Figure 9.- Heat transfer to

q
(BTU/ft2sec)

Figure 10.- Heat transfer to
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